The polarization dependence of the optical properties of individual subwavelength holes in a thin metallic film is studied using terahertz time-domain spectroscopy. We show that for parallel polarization of the incident light, the coupling is predominantly to short-range bonding film plasmons while for perpendicular polarization the incident light couples more efficiently to long-range antibonding film plasmons. These results represent a direct observation of antisymmetric hybridized plasmons and clarify the nature of plasmonic excitations in metallic structures with subwavelength-scale geometrical features. They show that polarization can be used as a means for selective excitation of film plasmon modes. DOI: 10.1103/PhysRevB.80.205417 PACS number͑s͒: 78.20.Ci, 73.20.Mf, 78.66.Bz, 87.50.UϪ Plasmonics in metallic subwavelength structures has been the inspiration for much research in the study of fundamental light-matter interactions as well as in developments of new photonic technologies.
The polarization dependence of the optical properties of individual subwavelength holes in a thin metallic film is studied using terahertz time-domain spectroscopy. We show that for parallel polarization of the incident light, the coupling is predominantly to short-range bonding film plasmons while for perpendicular polarization the incident light couples more efficiently to long-range antibonding film plasmons. These results represent a direct observation of antisymmetric hybridized plasmons and clarify the nature of plasmonic excitations in metallic structures with subwavelength-scale geometrical features. They show that polarization can be used as a means for selective excitation of film plasmon modes. Plasmonics in metallic subwavelength structures has been the inspiration for much research in the study of fundamental light-matter interactions as well as in developments of new photonic technologies. 1, 2 In particular, the ability to accumulate and control the electromagnetic field at subwavelength scales is critical for the development of active optical systems such as plasmon-based solar cells, 3 optical antennas, [4] [5] [6] and photonic and optoelectronic devices for biological and chemical sensing. 7 Despite intense studies of surface plasmons at metal-dielectric interfaces 8, 9 and of the optical properties of metallic surfaces with subwavelength structural defects, [10] [11] [12] [13] [14] [15] many fundamental questions remain unanswered. For instance, for parallel polarization, i.e., the inplane polarization component, of the incident light toward a single circular hole in a thin metallic film, the appearance of resonant behavior has been explained as the excitation of a localized hole plasmon with a dipolar charge oscillation in the plane of the aperture 10 or, alternatively, as the effect of guided modes. [11] [12] [13] [14] [15] However, no studies have been performed for light polarized perpendicularly to the surface.
The hole plasmon resonance ͑HPR͒ is not only responsible for the induced dipole moment around the hole but is also coupled to the plasmon modes of the extended metal film. 16, 17 Using the plasmon hybridization method, it has been shown that the dispersion relations of the plasmon modes of a thin metallic film with a hole are the same as those of a continuous film. In the presence of a hole, among many plasmon modes, the particular bonding film plasmon modes for which half of their spatial wavelength is equal to the hole diameter induce a dipole moment across the hole. Thus the HPR is revealed when the incident light frequency is resonant to a film plasmon mode of half wavelength equal to the hole diameter. This theoretical explanation was experimentally confirmed by showing that the HPR exhibit strong redshift with increasing hole diameter or decreasing film thickness.
In the case of a thin film, the surface-plasmon modes on the two film surfaces interact electromagnetically and give rise to hybridized film plasmon modes. The lower-energy bonding mode has a symmetric alignment of surface charges on the two surfaces of the film and the higher-energy antibonding mode has an antisymmetric charge alignment. 18, 19 While the bonding film plasmon mode is strongly damped and commonly referred to as the "short-range" mode, the antibonding mode exhibits less attenuation and propagates over longer distances. This "long-range" film plasmon mode is therefore of considerable interest in plasmonic waveguide applications. [20] [21] [22] Due to the momentum mismatch between surface plasmons and photons, film plasmons cannot be excited directly using incident plane waves. To accomplish such excitations, one can use either evanescent excitation, 21 periodic corrugation of the film, 22 or antennas. 23 For the development of metallic films as efficient subwavelength plasmonic waveguides there is clearly a need to develop antennas that can couple light efficiently into long-range film plasmons.
In this paper, we show that an individual hole in the film can serve as an antenna for exciting both short-and longrange film plasmon modes. We perform azimuth-angledependent transmission measurements using terahertz timedomain spectroscopy. For parallel polarization, we find that only short-range film plasmons are excited. As the polarization angle becomes more perpendicular a second feature appears in the transmission spectra corresponding to the excitation of long-range film plasmon modes. The energies of the short-and long-range modes are found to depend strongly on the diameter of the hole in excellent agreement with a simple and intuitive model based on plasmon hybridization. 16 For a metallic film with thickness t in vacuum, the dispersion relations of the film plasmons including retardation effects can be calculated from the Maxwell equations associated with the boundary conditions for the metal-dielectric interfaces
where i ͑i =0,1͒ is the dielectric function in vacuum and metal, respectively. Here, for metal film 1 ͑͒, we simply use the Drude model as 1 ͑͒ =1− B 2 / 2 and B is the bulkplasmon frequency of the metal. The quantities ␥ i are the perpendicular components of the wave vector and have the form
where k is the magnitude of a planar surface-plasmon wave vector and c is the speed of light in vacuum.
In Fig. 1 , we show the calculated plasmon dispersions for films of thickness 0.01, 0.05, and 10 microns. For a thin film the surface plasmons associated with the two surfaces interact and form hybridized bonding ͑black͒ and antibonding ͑gray͒ film plasmon modes with different charge alignments. In Eq. ͑1͒, the "−" ͑+͒ sign on the right-hand side leads the bonding ͑antibonding͒ film plasmon which has lower ͑higher͒ energy and symmetrically ͑antisymmetrically͒ aligned surface charge densities between the upper and lower surfaces of the film. The energy splitting between the bonding and antibonding film plasmon depends on the thickness of the film. For a thick film ͑t =10m͒, the splitting is very small and cannot be discerned in Fig. 1 . In this limit, the right-hand side of Eq. ͑1͒ approaches zero and the dispersion relation for both film modes can be analytically solved as
The physical mechanism for the excitation of the HPR is illustrated in Fig. 2 . On a perfect metallic film ͑without a hole͒, the film plasmons do not induce dipole moments and can therefore not couple to light. However, in the presence of a hole, the film plasmons can generate localized dipole moments due to the induced charge distributions along the edges of the hole. For an incident wave polarized parallel to the film surface, assuming the surface plasmon is a plane wave, the optimal coupling between the light and the shortrange bonding mode occurs when half of the plasmon wavelength equals the diameter of a hole D, that is / 2 ϳ D, as illustrated in the middle row of Fig. 2 . At this wavelength, there is no coupling between the incident light and any longrange antibonding film plasmon since its induced electric dipole along the film is zero. For perpendicular polarization, the nature of the interactions is quite different. The optimal coupling condition illustrated in the lower row of Fig. 2 shows that the long-range antibonding film plasmon can couple with an incident perpendicularly polarized field when the wavelength of the plasmon resonance equals the diameter of a hole, that is, ϳ D. The diagram also clearly shows that for perpendicular polarization, there can be no coupling of the incident light to any short-range bonding film plasmon. The polarization-dependent and spectrally distinct characteristics of the two plasmon modes are important for distinguishing them experimentally.
In the visible or near-infrared wavelength range, individual holes with nanometer-scale diameters have shown a strong redshift of the HPR with increasing diameter or decreasing film thickness for light with parallel polarization. 16, 17, 24 The redshift can be explained in terms of coupling to the bonding film plasmon mode. For perpendicularly polarized light, the spectral position of the antibonding film plasmon mode would overlap other spectral features, such as interband transitions. Thus the observation of antibonding mode coupling has not previously been reported using visible or near IR light. Measurements in the THz frequency regime overcome this difficulty and moreover can provide a broad measurable dynamic range ͑in spectrum͒ which is capable of measuring several higher-order resonant modes at once. In this regime illustrated with the small box in Fig. 1 , the dispersion of both the bonding and antibonding modes overlap and follow the light line. Even though the bonding and antibonding film plasmon energies are nearly degenerate in the THz regime, they are physically distinguishable since their coupling to electromagnetic radiation occurs at different frequencies and polarizations.
We used standard THz time-domain spectroscopy 25, 26 to study the antibonding plasmon mode coupling of an individual hole in a thin metallic film. In order to generate a perpendicular component of the incident light, we tilt the sample with respect to the beam-propagation direction and perform angle-dependent transmission measurements. All the transmitted THz electric field amplitude spectra are normalized by those measured at zero incidence angle, which makes angle-dependent optical properties clear. In addition, for a single aperture on which the electromagnetic waves are obliquely incident, the ratio between the electromagnetic radiation impinging on the area of the single aperture and on the metal surfaces surrounding the aperture changes. As the incidence angle becomes larger, the effective area of the aper- Middle row: optimal coupling mechanism for parallel polarized light ͑blue arrow͒ and the induced dipole moment ͑red arrows͒ from a bonding film plasmon of half wavelength equal to the hole diameter. Lower row: optimal coupling mechanism for perpendicularly polarized light ͑blue arrow͒ and the induced dipole moment ͑red arrows͒ from an antibonding film plasmon of wavelength equal to the hole diameter. ture becomes smaller. Therefore, the transmitted spectra are also normalized by this ratio. Figure 3 shows the normalized THz electric field amplitude transmission spectra of a hole whose diameter is D = 700 m. In these normalized spectra, the HPR for the bonding film plasmon modes probed by the parallel component polarization of the incident light are expected to appear as dips since the parallel component of the light becomes smaller with increasing angle. On the contrary, the HPR for the antibonding modes arising from the perpendicular component of the light are expected to appear as peaks since the perpendicular component becomes larger. As shown in Fig.  3 , the bonding mode coupling, which corresponds to the condition / 2=D, appears as dips near 0.26 THz, whereas the antibonding mode coupling appears as peaks near 0.52 THz. Increasing the incidence angle makes the peaks and dips more pronounced. In addition, the spectral positions of the observed features do not shift with angle since they are determined only by the geometrical parameters of the hole.
To elucidate the existence of the antibonding film plasmon mode coupling further, we investigated the tunability of the resonance as a function of hole diameter. Figures 4͑a͒  and 4͑b͒ show the normalized THz transmission amplitude spectra for several sizes of holes from 500 to 1000 m in diameter, measured at incidence angles of 10°and 50°, respectively. As in Fig. 3 , these spectra are normalized to the transmission at normal incidence. For the incidence angle of 10°, the spectra do not show any obvious resonance since neither the total amount of perpendicularly polarized light nor the variation in parallel polarized light are sufficiently large. On the contrary, the spectra measured at the incidence angle of 50°show both spectral features prominently. Moreover, these resonances exhibit redshifts with the hole diameter. As predicted by the film plasmon dispersion, the energies of both the bonding ͑B͒ and antibonding ͑AB͒ film plasmon coupling exhibit a redshift with increasing hole diameter ͓red arrows in Fig. 4͑b͔͒ .
In Fig. 4͑c͒ , we compare our theoretical prediction and the experimental data obtained from THz spectra. The data points marked as red squares ͑peaks͒ and blue diamonds ͑dips͒ depict the energies of the resonances obtained from the measured THz spectra for different sizes of holes. The experimental data points are located at slightly higher frequencies than the theoretical predictions denoted by the solid lines of Fig. 4͑c͒ . This is due to the fact that our simple theoretical model assumes an optimal coupling condition FIG. 3 . ͑Color online͒ THz transmission amplitude spectra through a 700m diameter hole fabricated by laser machining. A stainless-steel film used to make the hole has a thickness of about 10 m which is much smaller than the wavelength of the incident THz radiation but much larger than the skin depth in the THz range. Angle-dependent THz transmission measurements are carried out by tilting the sample stage, varying the incidence angle of light from 0°to 50°with a step of 10°. These spectra are normalized to the one measured at normal incidence and also normalized by the effective area of the hole as seen by the incident THz beam, in order to highlight angle-dependent features. The dotted lines, located at the frequencies of 0.26 and 0.52 THz, represent the spectral positions of the bonding and antibonding film plasmon modes, respectively.
FIG. 4. ͑Color online͒ ͑a͒
Normalized THz transmission amplitude spectra, measured at the incidence angle of 10°, for different sizes of holes. There is no clear feature seen in the spectra. ͑b͒ Normalized THz transmission amplitude spectra measured at the incidence angle of 50°. The resonant peaks and dips due to the bonding and antibonding film plasmon coupling both show a strong redshift with increasing hole diameter. ͑c͒ Comparison between theoretical predictions and experimental measurement. The red ͑blue͒ line denotes the theoretically predicted hole plasmon resonance frequencies associated with the bonding ͑antibonding͒ film plasmon modes as a function of hole diameter. Red square ͑blue diamond͒ data points are obtained by the dip ͑peak͒ positions observed in the THz spectra, for different hole sizes.
based only on the hole diameter, essentially assuming that the hole is a rectangular slit with uniform size along its length. This model thus neglects the excitation of shorter wavelength ͑higher energy͒ film plasmons satisfying the resonant dipole condition across the shorter gaps of the hole than the diagonal diameter. Nevertheless, there is excellent consistency between theory and experiment. This constitutes convincing evidence for the observation of the antibonding film plasmon mode and shows that a subwavelength hole in a metallic film can serve as an antenna for launching film plasmons of different symmetry.
In conclusion, we have investigated the microscopic origin of the HPR for individual holes in thin metal films and shown experimental evidence of the coupling of polarized light and film plasmons using THz time-domain spectroscopy. Our results show that the optical coupling between long-range antibonding film plasmon modes and perpendicularly polarized light can be realized at a wavelength equal to the diameter of the hole. In addition, we demonstrate that selective excitation of short-and long-range film plasmon modes can be achieved by controlling the polarization. The results may be useful in future developments in optical plasmonic systems.
